• A complete taxonomical list of free-living marine nematodes found in Brazilian Oceanic Islands with 9 orders, 39 families, and 143 genera.
INTRODUCTION

LITERATURE REVIEW
Phylum Nematoda has four to five thousand free-living marine species [1] but many more remain to be discovered. They are mostly small and inconspicuous yet the most abundant metazoans in marine (littoral, estuarine, coastal, and oceanic) sediments, often numbering millions per m 2 [2] . In marine environments, nematodes can be found from the high-water mark into the deepest oceanic trenches [3] . Traditionally, nematology has its strength in agricultural applications (study of plant-parasitic species) because of its economic implications. The biodiversity/ecological side of nematode taxonomy, which often deals with free-living forms like marine species, remains in need of research input [4] . This fact is mostly due to difficulties in identifying marine nematodes. Taxonomic literature lacked useful pictorial keys until recently, and the first ones were launched only in the end of the 20 th century, such as the "Illustrated Guide" by Tarjan [5] and the "Free-Living Marine Nematodes", divided into three volumes ("Enoplids" by Platt & Warwick [6] , "Chromadorids" by Platt & Warwick [7] , and "Monhysterids" by Warwick et al. [8] ). Even more recently, Internet websites have been launched with original descriptions and data on marine nematode species, e.g. the "Nemys" database [9] and WoRMS (World Register of Marine Species) [10] , making it easier to search for literature and information. Over the last decades, studies have increased in regions where few studies were conducted before, with many new records and species descriptions. South America is one of the continents where new studies have increasingly appeared, including Brazil, where a "taxonomic bloom" has been happening according to Venekey et al. [11] In their review, Venekey et al. [11] pointed out that until 2008, 11 orders, 59 families, 294 genera, and 231 species of free-living marine nematodes were recorded in Brazilian coastal ecosystems. However, according to the same authors, most of the biodiversity data regarding Brazilian marine nematodes is usually concentrated in easy access coastal environments, such as beaches and estuaries.
Oceanic islands are productive marine ecosystems that often support high concentrations of species, high endemism rate, and high dispersal abilities [12, 13, 14] . The taxonomic richness and ecological data (i.e. densities, dominant families) of marine Nematoda in Brazilian oceanic islands and similarities among them are analyzed and discussed in this paper. Results are from surveys conducted in Saint Peter and Saint Paul Archipelago, Rocas Atoll, and Trindade Island.
Study areas
Brazil has a long coastline along which several islands can be found, and five major archipelagos stand out: Saint Peter and Saint Paul, Rocas Atoll, Fernando de Noronha, Abrolhos, and Trindade-Martim Vaz (Figure 1 ). Except for Fernando de Noronha and Abrolhos, the other archipelagos are military and research areas, without authorization for tourist activities. So far, free-living marine nematodes have been sampled in Rocas Atoll, Saint Peter and Saint Paul Archipelago, and Trindade Island. Their general characteristics are briefly described here. For more details and studies in Brazilian oceanic islands, see the books edited by Mohr et al. [16] and Viana et al. [17] . Rocas Atoll: It is the only atoll in the South Atlantic. It is situated 257 km E-NE of Natal and 148 km west of Fernando de Noronha (3°52'S, 33°49'W). The atoll is an ellipsoid reef covering approximately 5.5 km 2 of area, built on top of a sea mount that rises steeply from depths of 1000 m [18] . The circular reef, Figure 1 . Map showing the location of Brazilian Oceanic Islands (Adapted from Almeida [15] ). http://dx.doi.org/10.4322/nematoda.01216
Marine free-living nematodes in Brazil Venekey & Santos Nematoda, e122016 which is exposed at low tide, encloses a shallow lagoon (<1m at low tide). There are a number of pools distributed on the reef top, varying in form, from shallow pools with sandy bottoms to as deep as 15 m, with rocky bottoms and sand patches. Average water temperature fluctuates around 27 °C and water visibility ranges between 25 and 40 m [19] . The region is under the influence of the South Equatorial Current. Rocas Atoll was the first site designated as a Brazilian Marine Protected Area, established in 1979. The "Brazilian Institute of Environment and Natural Renewable Resources" (Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis, IBAMA) maintains a permanent camp facility for scientific researchers in one of the Atoll's islands.
Saint Peter and Saint Paul: This archipelago is a remote group of five bigger and ten smaller entirely volcanic islands lying just north of the equator on the remnants of a volcanic cone of the Mid-Atlantic ridge, approximately 500 km northeast of Fernando de Noronha and 960 km off the Brazilian coast (0°56'N, 29°22'W) [18] . The islands do not have beaches. The major island has only 0.5 ha in area and rises 18m above sea level. Its substrate consists of rocks with algae and some patches of sand. In Belmonte Island, there are many tidal pools that are flushed with fresh seawater from the tide [20] . Between Belmonte and Challenge islands there is a sheltered cove with unstable substrate at the bottom, comprised mainly by coarse sand. The area of shallow water marine environment (<100 m deep) surrounding Saint Peter and Saint Paul is no more than 0.5km 2 . The islands are influenced by both South Equatorial Current and Atlantic Equatorial Undercurrent. The "Secretariat of the Interministerial Commission for the Sea Resources" (SECIRM) has maintained a scientific station in Belmonte Island since 1998.
Trindade: This island is on the eastern end of the Vitória-Trindade submarine Ridge, 1,140 km off the coast of Espírito Santo state, southeastern Brazil (20° 30' S, 29° 20' W). It has an area of 13.5 km 2 and is almost totally comprised of volcanic and subvolcanic rocks formed between the end of the Pliocene and the Holocene [21] . Its coastline consists of reefs, narrow beaches, and narrow dunes. The littoral zone is comprised of approximately 2.5 km of beaches and 14 km of narrow (<1 km), steep rocky shores [22] . Sandy substrates are characterized by volcanic sands and dominated by the presence of coarse and medium sands. The whole extension of the Vitória-Trindade Ridge is under the influence of the southward flow of the Brazil Current [23] , characterized by warm (>27ºC SST), saline (37 psu), and oligotrophic waters [24] . A tropical oceanic climate prevails in the region, ameliorated by eastern and southern trade winds, with mean water temperature of 27 °C. Air temperature is warmer in February and colder in August [25] . The only human inhabitants at Trindade are the Brazilian Navy personnel, which have maintained a base on the island and have controlled its access since 1957.
Data collection and analysis
The data presented here were collected from papers available until November 2016, from a PhD thesis [26] , a M.Sc thesis [27] , graduation works [28, 29] , Book Chapters [30, 31] , and other manuscripts [32, 33, 34, 35, 36] . Abstracts published at scientific meetings were not considered.
A uniform taxonomic list and table were built with nematode genus and species records, as well as other information such as substrate characteristics and densities. The genus and species names were reviewed taking into account synonyms, nomenclature changes, and new combinations available in specific literature and websites such as Nemys [9] and WoRMS [10] . The taxonomic classification of De Ley & Blaxter [37] was followed.
Literature available on marine nematodes in Brazilian Oceanic Islands
The study of free-living marine nematodes in Brazilian oceanic islands started in 1999 at Rocas Atoll. Later, Saint Peter and Saint Paul Archipelago and Trindade Island were also studied. Fernando de Noronha and Abrolhos have not been studied yet, although as far as we know there was an attempt of sampling in Abrolhos but the data from those samples were lost (Fonseca-Genevois, personal communication). General information on habitat and free-living marine nematode characteristics in Brazilian oceanic islands are shown in Table 1 .
The studies by Netto et al. [32, 33, 34, 35] are results of the PhD thesis by Netto [26] but only the latter shows a complete taxonomic list. Therefore, Table 1 shows general data extracted from the manuscripts and the taxonomic list of Brazilian oceanic islands is comprised from the PhD thesis. The book chapter by Miranda-Junior et al. [30] shows results from the graduation paper by Miranda-Junior [28] , mostly a colonization experiment with artificial plants, but many findings of nematodes from sediments remained only in the graduation paper. We therefore show both studies in Table 1 comprise the taxonomic list and data on nematodes from sediments and the former for the colonization experiment. The study published by Santos & Venekey i resulted from the M.Sc. thesis by Santos [27] . Both studies show all relevant ecological information and also the complete taxonomic list; for this reason, only the first one is shown in Table 1 . Finally, both taxonomic and ecological information have been extracted from the graduation paper by Nascimento [29] , as it has not been published yet. Among the islands, Rocas Atoll was the most thoroughly studied, with extensive samplings covering approximately 50 stations, from intertidal to depths of 24 m, including tidal pools (for the location of stations see Netto et al. [32, 33, 34, 35] ). Saint Peter and Saint Paul was sampled three times, in September 2000, March 2004, and December 2004, covering tidal pools of Belmonte Island and depths down to 8 m in the cove between Belmonte and Challenge Islands [30, 31] . In addition, a colonization experiment with artificial plants was also performed on Belmonte Island in one of the sampling expeditions to Saint Peter and Saint Paul [30] . Trindade Island has been sampled twice, in August and December 2014, with intertidal stations at five sandy beaches (Cabritos, Parcel, Portugueses, Príncipe, and Tartarugas) [29] .
Abundance and richness of marine nematodes in Brazilian Oceanic Islands
Regarding nematode abundances, studies should be compared with caution. Samplings in Saint Peter and Saint Paul were performed manually, without a sampling corer, and therefore, densities were represented in volume (ind./mL), not in area (ind./10 cm 2 ), the usual unit for marine nematodes. According to Miranda-Junior [28] , the difficulty of inserting a corer into the substrate of tidal pools in Saint Peter and Saint Paul is due to sediment characteristics (probably very coarse sand). Sampling in Rocas Atoll was performed using a corer of 2.5 cm diameter and 10 cm length and those in Trindade were performed using a corer of 3 cm diameter and 10 cm length. In an attempt to better compare data, we converted the densities found in Rocas Atoll and Trindade to individuals per volume (mL). For that purpose, we first re-calculated densities from ind./10cm 2 for the total area of corers (A = π . Comparing densities which were found after these new calculations, we observed that nematode densities in Trindade sediments are much lower than those in Rocas Atoll and Saint Peter and Saint Paul (0.01-76.3 ind./mL). Densities in the two latter overlap themselves, they are more similar.
Considering richness of nematode taxa until 2016, 9 orders, 39 families, and 143 genera had been recorded in Brazilian oceanic islands. A complete faunal list is presented in the Appendix A. Chromadoridae and Desmodoridae were the richest families with 21 and 13 genera, respectively. Among the genera recorded, so far Pseudonchus and Paradraconema have not been recorded in Brazilian coastal environments. Only the genus Prorhynchonema (in this case, from Trindade Island) has been definitely identified to the species level (P. gourbaultae). Other identifications in Trindade were performed for putative species. There was also an attempt to identify to the species level in Rocas Atoll determining three species to the affinity level: Anticoma aff. eberthi, Chromadora aff. nudicapitata, and Metachromadora aff. remani. Other identifications in Rocas Atoll, similar to Trindade, were also in putative species. As for Saint Peter and Saint Paul, identifications were performed only to the genus level.
There are some likely reasons for the lack of identifications to the species level in Brazilian oceanic islands. Identification to the genus level is a global pattern in marine nematode studies. In Brazil, the situation is not different. Considering the volume of studies, only very recently and only few works have attempted to identify specimens to the species level [38, 39, 40] and none of them identified all recorded genera to the species level. The demand for considerable experience and well-equipped laboratories to allow for a correct identification to the species level [41] has rendered marine nematode taxonomy quite stagnant. This is specially true to developing countries like Brazil. Moreover, identification to the species level is very time-consuming and all studies in Brazilian oceanic islands have had an ecological purpose, where genera offer satisfactory and reliable answers for different questions and hypothesis tested [42] . Furthermore, Santos & Venekey [36] stated that identification to the species level in Trindade was not possible due to the very low number of individuals or to the fact that few of them were in perfect conditions to be measured.
Considering richness in each island, Rocas Atoll was the richest with 103 genera, followed by Saint Peter and Saint Paul with 58 genera, and Trindade with only 36. The genera Eurystomina, Metachromadora, Metacyatholaimus, Metalinhomoeus, Paracanthonchus, Paralongicyatholaimus, Rhynchonema, Sabatieria, Spilophorella, and Theristus were the only ones common to the three islands. All islands showed exclusive genera. Trindade has 14 exclusive genera, Saint Peter and Saint Paul has 21 exclusive genera, and Rocas Atoll showed the highest number of exclusive genera, 63. http://dx.doi.org/10.4322/nematoda.01216
Marine free-living nematodes in Brazil Venekey & Santos Nematoda, e122016 The higher genera richness and number of exclusive genera found in Rocas Atoll was expected as this location was the most extensively sampled, including at different depths (0 -24 m), and different habitats (subtidal, intertidal, and tidal pools). The few genera found in common among the three locations are probably also due to the lower number of samples and habitats studied in Saint Peter and Saint Paul and Trindade. Nevertheless, considering the few sampling expeditions to each of these islands, richness can be considered high.
The relationship between diversity estimates and sampling effort is well known and documented in literature on marine nematodes [43] . Venekey et al. [11] , in their review of biodiversity of marine nematodes in Brazil, considered the high richness found in oceanic islands surprising. The authors mentioned that a high sampling effort is generally employed in locations with difficult access. At the time of their review, Trindade had not yet been studied and, even then, the richness in Brazilian islands was considered high by the authors (29 families and 110 genera at that time, with no studies in Trindade).
Genera composition of marine free-living nematodes in Brazilian oceanic islands, based on the genera common to the three islands/archipelagos, has shown few similarities so far. However, if we observe the information presented in Table 1 , one fact stands out: the dominant families and genera. In all islands the dominant genera/families are mostly epistrate feeders (type 2A according to Wieser [44] ), such as Cyatholaimidae and Chromadoridae, or predators/omnivores (type 2B according to Wieser [44] ), such as Oncholaimidae and Ethmolaimidae. In addition, when neither 2A nor 2B types are dominant, families with different body shapes (Draconematidae and Epsilonematidae), not vermiform, are very abundant.
All studies have reported the intense hydrodynamic movement in the islands. Netto et al. [32, 34] observed the difference in hydrodynamics between inner and outer areas of Rocas Atoll and considered it as one of the main causes for sediment and faunal characteristics. Concerning Saint Peter and Saint Paul and Trindade, Miranda-Junior et al. [30] and Santos & Venekey [36] , respectively, also suggested the influence of hydrodynamic processes on nematodes. Sediments found in all islands, both carbonate and volcanic, and their size (medium to coarse sand in most cases) are possible indications of strong currents and wave stress. In this kind of environment, nematodes are frequently characterized by low density and a relatively high diversity [2] . Also in these habitats, Epsilonematidae and Draconematidae can be dominant as genera from these families are well adapted to substrate instability [44] due to differential body morphologies (not the classical vermiform shape, presence of ambulatory setae, and sediment-trapping capacity). Furthermore, other studies [46, 47, 48, 49] have reported dominance of epistrate feeders or predators/omnivores as numerically dominant in coarse and medium sands of reef, carbonate, and volcanic habitats.
Studies on nematofauna in oceanic islands are scarce due to logistic difficulties. For this reason, most studies concentrate high sampling efforts in few occasions. This is probably the reason why only Santos & Venekey [36] have attempted to study seasonal patterns of marine nematodes in Brazilian Oceanic Islands so far. This is possibly also the cause for the lack of studies in Fernando de Noronha and Abrolhos Islands. Although these islands seem to be easier to access, even open to tourist visits, programs of Brazilian funding agencies do not contemplate/prioritize these islands. As a direct consequence, a complete biogeographic study about connectivity between Brazilian islands is not yet possible for marine nematodes.
CONCLUSIONS
The results found so far for free-living marine nematodes in Brazilian oceanic islands indicate high richness and few similarities in composition among the sites. However, further studies are required with more systematic samplings to fully understand and confirm these patterns. In addition, locations which have not yet been studied, e.g. Fernando de Noronha and Abrolhos, should be sampled to allow biogeographical studies. On the other hand, an effort must be employed towards identification at species level to make it possible to detect new and endemic species.
